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MEASUREMENT OF REYNOLDS STRESS AND TURBULENCE IN DILUTE POLYMER SOLUTION 
BY LASER VELOCIMETER
Samuel E. Logan
UCLA School of Medicine
Los Angeles, California 90024
ABSTRACT
Measurements of Reynolds stress and axial and 
transverse turbulence intensities have been made in 
turbulent pipe flow of a dilute solution of high molec­
ular weight polymer and compared to measurements made 
with pure water. A laser velocimeter capable of mea­
suring these turbulence parameters has been developed 
and utilized.
Axial turbulence intensities are consistent in 
behavior and magnitude with previous polymer results 
and the measurements of transverse intensity and Rey­
nolds stress are similarly well behaved and self con­
sistent. Sublayer thickening in drag reducing polymer 
solution is observed, in consonance with earlier work. 
New results include demonstration that the turbulent 
shearing stress is reduced in the turbulent core by 
an amount proportional to the observed decrease in 
pressure gradient at the wall, and dramatically re­
duced near the wall to a thickness of several times 
that of the viscous sublayer in agreement with obser­
ved velocity profiles. Radial turbulence intensities 
are comparable with water in the turbulent core, but 
exhibit similar dramatic suppression near the wall 
region. Possible implications of these measurements 
toward the phenomenon of turbulent drag reduction are 
briefly discussed.
INTRODUCTION
Early measurements of turbulence in dilute drag- 
reducing polymer flow using standard impact or hot­
wire probes may be somewhat in error due to polymer
viscoelastic properties which can introduce extra nor­
mal stresses and alter heat transfer characteristics.
For these reasons the early measurements of Virk, et 
al. (1) and others, while of great qualitative inter­
est, have been questioned (2,3). The perturbationless 
and linear laser velocimeter probe recently developed 
is a natural alternative and in 1969 was simultaneous­
ly utilized in polymer solution by Goldstein,et al.
(4), Chung (5), and Rudd (6). At present, the best 
axial measurements and clearest demonstration of sub­
layer thickening appear to be the recent results of 
Rudd (2) using a laser velocimeter in a square pipe 
with Separan. However, the question of additive ef­
fects on other important turbulent parameters such as 
radial fluctuations and Reynolds stress was left un­
settled. Measurement of these quantities would be 
meaningful in better understanding the mechanism of 
turbulent drag reduction by polymer additives and is 
reported herein.
A directionally sensitive laser velocimeter cap­
able of measuring Reynolds stress and transverse tur­
bulence was recently developed and is utilized in the 
present experiment. The technique has been described 
and preliminary polymer measurements were reported (8). 
Rudd's axial measurements were duplicated and confirmed 
using Polyox and extended to include radial fluctuations 
and Reynolds stress. These preliminary results indi­
cated (in addition to sublayer thickening) the suppres­
sion of radial turbulence near the wall and reduction 
of u'v' in the turbulent core proportional to the de­
crease in wall shear.
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EXPERIMENTAL APPARTUS
The flow geometry is diagrammed in Figure 1. A 
5 gallon constant head reservoir is used to supply a 
steady flow through a 0.5-inch square pipe which can 
be controlled by two valves, one upstream and one 
downstream of the test section. Potential secondary 
flows introduced into the pipe flow by elbows before 
and after the test section are eliminated by honey- 
romb at each location. A 55-gallon storage reservoir 
collects the fluid before recirculation to the constant 
head reservoir. A centrifugal pump is used for recir­
culating water, whereas for polymer solution the con­
stant head tank was filled manually by bucket to mini­
mize degradation effects. This latter procedure for 
the polymer solutions was very successful in maintain­
ing steady flow and eliminated severe solution degre- 
dation which would result from pumping.
The total pipe length was 1/d = 70 with velocity 
measurements made at 1/d = 65, to insure fully developed 
turbulent flow. Wall pressure taps at 1/d =1, 10, 20, 
30, 40, 45, 50, 55, 60, 65, 70 were used to monitor 
the pressure gradient along the pipe and determine wall 
shear. The pressure drop was found to be practically 
linear all along the pipe and in every case the pres­
sure gradient was quite constant between 1/d = 50 and 
70 indicating fully developed flow. Measurements 
across the pipe were made keeping the optics station­
ary and positioning the pipe with a micrometer traver­
sing mechanism calibrated to 0.001".
A square pipe was selected to provide maximum 
spatial resolution in the wall region and eliminate 
test section lens effects which apparently troubled 
Chung (5) in his round tube. Figure 2 indicates the 
basic geometry of the focal region and its relation to 
the square pipe. In the present arrangement, spatial 
resolution normal to the wall depends on the minimum 
transverse focal volume dimension b , rather than on 
the longer longitudinal dimension 1 . Reference 9 
(p. 6-8) describes in more detail the optical design 
criteria involved in the selection of a square pipe.
The major drawbacks of a square pipe are loss of 
symmetry inherent in a round tube and the presence of 
secondary flows which can exist in non-circular channels. 
Maximum secondary flows in the 1/2 inch square pipe were 
measured to be only about 0.005 of UQ or about 10°/ of 
the friction velocity u = A, /p, which should not 
rule out meaningful turbulence measurements. In any
case, it is felt that in comparison of water and poly­
mer solutions the square tube should be of little 
detriment since relative rather than absolute measure­
ments are of primary interest.
THE LASER VELOCIMETER
The laser velocimeter has already been reported 
in considerable detail (7,9). In summary, the instru­
ment is capable of measurement of mean flow components
2 2 ---and turbulence quantities such as u' , v 1 , and u'v' 
with minimal adjustment of only one optical component, 
the radial diffraction grating, which serves as a com­
bination beam splitter, measurement direction selec­
tor and frequency modulator. The apparatus is dia­
grammed in Figure 3. Two of the diffraction orders 
are selected by a mask and focused in the test section 
with a single converging lens. This simple arrange­
ment guarantees "self alignment" with the two beams 
focusing at the same point in the test fluid. Al­
though there are numerous possibilities such as "dual 
scatter" it has been convenient to use a "reference 
mode" system with the zero order (undeflected) beam 
serving as a reference beam so that alignment through 
the fixed lens, apertures and the photomultiplier is 
independent of translation of the grating. Thus meas­
urement at the same point is guaranteed as the measure­
ment direction is changed, for example, from <j> = + 45° 
to <p = -45° in the determination of u'v'.
Different directions of measurement (various <|>) 
are selected by translating the diffraction grating 
parallel to itself, and locating the incident laser 
beam at different positions around the circumference 
of the wheel at constant radius, as indicated in Fig­
ure 4. Measurements of u and v are made with angle 
(j) = 0° and 90° respectively, as defined in Figure 5.
As pointed out in Reference 7, the Reynolds stress 
u'v' may be obtained directly from the difference of 
the variances measured in two perpendicular directions, 
<|)-| 2 = —  45°, with respect to the mean flow direction,
<j) = o°, also indicated in Figure 5. Thus, only one 
photomultiplier is required to measure u'v' and sim­
ultaneous measurement of the instantaneous u and v, 
multiplication, and averaging,are not necessary.
Most measurements are made with the grating sta­
tionary, although by rotating the grating any turbu­
lent spectrum can be shifted in frequency by 84,2
Hz/RPM. This frequency biasing is essential in obtain-
2
ing v' (({> = 90°) since the mean flow component in
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Measurement (focal) point,on plane z = 0
Figure 1. Flow Apparatus
Figure 2. Optical Considerations in Square Pipe 
Selection
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Figure 5. Definition of Angles Used in Pipe Flow 
Figure 4. The Radial Diffraction Grating Measurements
Axial Measurementsthat direction, v, (and thus vD , the Doppler frequency) 
is zero or negligibly small. Fluctuations v' are much 
larger than 7  so that without frequency biasing the 
spectral distribution becomes centered about zero fre­
quency, and becomes difficult or impossible to separ­
ate from the noise spectrum. Frequency shifting is 
also useful in bringing other Doppler signals into 
more convenient frequency ranges. Doppler signals ob­
tained near the wall (with small mean frequencies) are 
typically frequency shifted into higher ranges to 
eliminate problems with low frequency noise. In addi­
tion, the frequency bias makes the instrument sensi­
tive to fluid velocity direction as well as magnitude.
Two spectrum analyzers were used to observe the 
Doppler frequency spectrum. The first, a Tektronix 
1L5 scope plug-in, was used to judge signal quality 
and general frequency range. The second, a Hewlett- 
Packard Model 310 slowly scanned the desired frequency 




Polymer solutions varying between 10 and 100 parts 
per million (ppm) by weight of polyox in water were in­
vestigated. Most turbulence measurements were made 
with the intermediate value of 50 ppm which quite clear­
ly evidenced differences from pure water in drag reduc­
tion and turbulent structure. Drag reduction as much 
as 69 percent compared to water was observed at Re = 
54,000 for a typical 33 ppm Polyox solution (Union Car­
bide Polyox WRS-301).
The friction factor f, is defined as
f _ (dp/dx) d _ 8tw 
t -  ? "  o
1 /2  Pr  pV
where V is the mean speed computed from the volume
flow and tube cross sectional area, and the average
wall shear stress t is determined directly from the w
pressure gradient dp/dx by tw = (d/4) (dp/dx) where 
d = pipe diameter (side for a square pipe). Figure 6 
shows f as a function of Reynolds number between 
10,000 and 60,000 for water and polymer solution. The 
water values agree well with Moody's (10) measurements 
in a round pipe, and the drag reducing properties of 
polymer solution are clearly evident.
Characteristic blunter mean velocity profiles 
were observed for drag reducing polymer solutions. 
Figure 7 presents the mean velocity data for water and 
polymer in terms of the velocity defect law (U - u)Ar 
versus tube position r/R. In the tube center region 
(0.2 £  r/R £  1.0) polymer solution shows very little 
difference from water, but considerable difference in 
slope in the wall region r/R < 0.2. This agrees with 
the results of Goren and Norbury (11) who found a sim­
ilar change in slope for polymer solution at r/R = 0.25 
in their 2-inch pipe. These results indicate that 
polymer flow in the turbulent core closely follows the 
Newtonian result in the defect law and that u , deter-T
mined by the boundary condition of wall shear stress, 
is the relevant velocity scale to be used in that re­
gion.
Figure 8 compares velocity profiles for water 
and polymer to the universal law of the wall (12).
u* = 1  iny* + C (1)
where u* = u/u^, y* = uTy/v, k = 0.4 ("Karman's con­
stant"), and C = 5.1. The water measurements are seen 
to agree favorably with the law of the wall, and the 
polymer solution beyond the sublayer (y* £  25) still 
behaves quite like Equation 1 with a markedly increased 
value for C and slightly increased slope, or k de­
creased. The well established displacement of u* ver­
sus y* results from apparently thickened viscous 
and/or elastic sublayers and thus a larger value of y* 
where the logarithmic law becomes valid. Velocity mea­
surements near the wall in the present study suggest 
an extended linear region as do recent results of Rudd 
(2), but can also be interpreted in terms of a thick­
ened elastic sublayer (buffer layer) proposed by Virk 
(20). The present velocimeter measurements near the 
wall (Figure 8) do not have adequate spatial resolution 
to conclusively distinguish which of these sublayers 
are thickened, although the author believes the ex­
cellent measurements of Rudd (2) with a high resolution 
laser velocimeter clearly demonstrate the thickened 
linear (u* = y*) viscous sublayer.
Axial and transverse turbulence intensities rela­
tive to the maximum pipe velocity UQ measured across 
the pipe for the same Reynolds number are reproduced 
from Logan (8) in Figure 9. All measurements were 
made at approximately the same Uq (200 cm/sec) and 
show the general trends that actual turbulence inten­
sities (relative to UQ) are reduced in the core for
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Figure 6. Friction Factor as a Function of (Volume
Flow) Reynolds Number for Water and Polymer 
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Figure 7. Velocity Defect Law for R = 26,000
e
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Figure 8. Velocity Profiles for Water and Polymer 
Compared to the Law of the Wall
Figure 9. Axial and Transverse Turbulence Intensities 
Across the Pipe for Water and Polymer Solu­
tion at Re = 26,000. (From Logan (8))
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polymer (0.048 compared to 0.065 for water). However, 
normalization with respect to u , the relevant veloci­
ty scale indicated in the previous section, shows that 
the axial turbulence intensities are comparable in the 
pipe center region, u/u^ ~ 1.? - 1.4, (Figure 11). In 
addition, the radial turbulence intensities are seen 
to agree in magnitude with the axial intensities in 
the pipe center as expected from previous results (3).
Replotting the axial turbulence intensities near 
the wall (0.0 £  r/R £  0.2) in Figure 10 demonstrates 
the dramatic sublayer thickening at the same Reynolds 
number for polymer relative to water. The peak of 
(u1 ) is displaced out from the wall so that near 
the wall the axial fluctuations are reduced (normal­
ized by UQ, which is the same in both cases) and lar­
ger fluctuations are observed for polymer at a greater 
distance from the wall (0.05 £  r/R £  0.20). Although 
the polymer turbulence intensity is lower in the pipe 
center, the peak in u' is comparable in magnitude 
((u'/IJ ) „ = 0.20) with water at the same Reynolds
0  lila X
number.
Figures 11 and 12 present the axial turbulence 
data of Figure 9 and 10 in terms of u'/u versus r/R 
and y* respectively. Figure 11 shows good quantita­
tive agreement in magnitude and behavior with the re­
sults of Rudd for a similar square tube (2).
Figure 12 illustrates sublayer thickening, as the 
peak in u'/u occurs at y* ~ 16 for water but is de­
layed for the polymer solution until y* ~ 25. Laufer 
also found the u'/u peak at y* = 16 (13) while Rudd 
found the water peak at y* = 11 and the polymer peak 
at y* = 20. The effect of the polymer is to extend 
the linear portion of the curve (interpreted as the 
sublayer) outward to larger values of y*. Coincidence 
of the linear protions for u'/u versus y* means that 
since both solutions obey u* = y* in the viscous sub­
layer the two solutions have the same value of turbu­
lence intensity relative to the local mean flow there. 
This result suggests, as also pointed out by Rudd (2), 
that only the scale of the sublayer and not the basic 
structure of the (axial) turbulence is changed.
Radial Measurements
A comparison of radial turbulence measurements 
across the pipe is given in Figure 13. In the tube 
center both water and polymer appear to be essentially 
isotropic since u'/u^ and v'/u are nearly equal for 
both solutions there. In the intermediate region
0.25 £  r/R £  1.0 both solutions have v'/u constant, 
and although polymer exhibits slightly lower values 
than water the distributions of v' appear nearly
identical. However, u'/u in the same region is mark­
edly higher for polymer than for water, which implies 
that while both solutions show increased anisotropy 
as the wall is approached (since u'/u^ becomes sig­
nificantly larger than v'/u ), polymer solution has 
a greater tendency toward anisotropy than water.
In the wall region, r/R < 0.25, polymer solution 
exhibits markedly decreased values of v' relative to 
water. For the solutions shown in Figure 13, polymer 
solution begins to decrease at r/R T 0.2 while water 
remains constant until r/R ~ 0.12. Expanding the wall 
region and plotting v'/u versus y* in Figure 14 shows 
that in wall coordinates the radial turbulence is sup­
pressed in and beyond the sublayer. Comparison of 
Figures 14 and 12 shows the relative magnitudes of u' 
and v' in the wall region for similar solutions of 
polymer compared to water.
Reynolds Stress Measurements
Figure 15 (see Reference 8), presents a measure­
ment of the Reynolds stress for water and 50 ppm poly­
mer solution at the same Reynolds number of 26,000. 
Increased scatter compared to previous turbulence 
measurements of u1 and v' results from the fact that 
the Reynolds stress measurement involves a relatively 
small difference between two larger numbers, the spec­
tral widths measured at + 45°. Despite scatter, 
least squares fits through the two sets of measurements 
clearly demonstrate that u'v' is reduced for polymer 
solution relative to water. The amount of u'v' re­
duction in the region 0.25 £  r/R £  1.0 is proportion­
al to the decrease in calculated local wall shear 
stress for polymer relative to water. Linear extra­
polation of the u'v1 curves to the wall are seen to 
be in good agreement with the calculated local shear 
values. (The total shear distribution across the tube 
can vary from strictly linear in the presence of sec­
ondary flows, although for Figure 15 linear least 
squares curves have been fitted through the core mea­
surements.)
In comparison to water, polymer solution exhib­
its marked reduction of u'v' in the wall region r/R <
0.25. This effect is a result of the observed veloc­
ity profiles for water and polymer solution and the 
fact that the total shear t  is the sum of the laminar 
and turbulent shear stresses, i.e.
3u — t— rx - u gy - pu'v'
= tw . fnc(r/R) (2)
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0 W a t e r Re = 2 7 ,  2 0 0
0 W a t e r Re = 2 5 , 4 0 0
V 5 0 p p m  Polyox Re = 2 6 , 0 0 0
Figure 10. Axial Turbulence Intensity Near the Wall. 
(Logan (8))
0 . 5 0  0 . 7 5
r / R
Figure 11. Comparison of Axial Intensity Across Pipe 
with Rudd (2)
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Figure 12. Axial Turbulence Intensity Near the Wall 
Normalized with u
T
Figure 13. Radial Turbulence Intensity Across the 
Pipe
1 0 0
Figure 14. Radial Turbulence Intensity Near the Wall
0 .0 0 5
-( u V )
Uo2
0 .0 0 2 5
Figure 15. Reynolds Stress for Water and Polymer at 
Re = 26,000
1 0 1
where xw is the wall shear stress, r/R = 1 at the pipe 
center (as previously defined) and fnc(O) = 1 and 
fnc(l) = 0. For no secondary flow the shear has a 
linear profile and fnc(r/R) = (1 - r/R).
As illustrated in Figure 16, the observed Rey­
nolds stress distributions in (c) can be seen to fol­
low from the laminar shear stress 3u/3y in (b) which 
results from the respective observed velocity profiles 
(a). (The following argument will be made for flow 
at the same Reynolds number, although an analogous re­
sult can be derived for flow for the same wall shear 
(u ) and different Reynolds numbers.)
Linder drag reducing conditions at the same Rey­
nolds number (same U ) the polymer solution mean velo­
city profile has less slope (smaller 3u/3y) than water 
in both the wall region (i) and the core region (iii). 
Now since the integral of the slope across the pipe 
must have the same value for both solutions, i.e.
fR
3u/3y dy = UQ (3)
0^
it follows that there must be an intermediate region 
(ii) where 3u/3y is greater for the polymer solution 
since the integrand of Equation 3 is strictly positive. 
(The existence of a region (ii) is also obvious from 
strictly geometric considerations.)
Considering then the total shear stress across 
the pipe for both cases and using Equation 2 it fol­
lows that in region (ii) the Reynolds stress for poly­
mer solution is a smaller percentage of the total 
stress than in the equivalent water flow. This im­
plies that u'v' will be reduced in magnitude farther 
away from the wall for polymer solution than for water 
flow, which is the observed effect.
For water and polymer flow at the same wall shear, 
each solution should have the same total shear distri­
bution across the pipe except near the wall where poly­
mer will exhibit a reduction of u'v' relative to water. 
This results directly from the extended linear region 
(thickened sublayer) for drag reducing polymer solu­
tion relative to water flow at the same wall shear. 
Figure 17 compares the polymer measurements of Figure 
15 (Re = 26,000 and ut = 6.6 cm/sec) with water at 
the same average wall shear (Re = 14,300 and u = 6.5
______ T
cm/sec). The measured values of u'v' are normalized 
by the local wall shear t calculated from the measured
W
pressure gradient and secondary flows.* (For the 
water flow at the lower Reynolds number secondary flow 
was not measurable, so its effect is neglected and the 
average wall shear is used in the normalization. For 
the polymer flow the measured gradient (Figure 7) and 
secondary flow for water at the same Reynolds number 
is used in the calculation).
Near the wall the measured velocity profiles are 
used to calculate the laminar shear and indicate the 
expected behavior of the Reynolds stress in the wall 
region with respect to the linear reference line. The 
complete shear distribution, which will not be exactly 
linear, has not been computed in Figure 17,
The measurements of u'v' for polymer solution 
(especially those presented in Figure 17) confirm the 
previous conclusion that the effect of polymer is pri­
marily near the wall although in a drag reducing situ­
ation the proper scaling for u'v' in the turbulent 
2core is uT , which is reduced for polymer relative to 
water at the same Reynolds number.
Correlation Coefficient
The mutual consistency of (u'2) ^ 2, (v'2) ^ 2, 
and u'v' is demonstrated in a computation of the cor­
relation coefficient k = u'v' / (u'2)^2 (v'2) ^ 2 
which is of the order of 0.40 (r/R ~ 0.3) for both 
water and polymer as shown in Figure 18. This is in 
reasonable agreement with Laufer's results for a round 
pipe (13) and indicates that the three measurements 
are consistent in magnitude among themselves.
CONCLUSION
Discussion
Measurements are consistent with the generally 
accepted belief (based previously only on axial
*For non-zero secondary flows (v / 0), integration of 




3r rdr where r = 0
is the pipe wall and r = R the pipe center. Calcula­
tions using measured secondary flows (Reference 9, 
Figure 22) and measured velocity gradients (Figure 7) 
indicate that the local uT can be as much as 1.3 to 
1.4 times the average uT determined from the pressure 
gradient, for large Re when non-zero radial velocities 
exist in regions of large velocity gradients 3u/3y 
near the wall.
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Figure 16. Schematic Representation of Relationship 
Between Observed Reynolds Stress Distri­
bution and Velocity Profile in Polymer 
Solution
$
Figure 17. Comparison of Normalized Reynolds Stress 
for Water and Polymer at the Same Average 
Wall Shear, uT = 6.6 cm/sec
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measurements) that polymer additives primarily affect 
the region near the wall and have little effect on the 
turbulent region far from the wall.
Turbulence measurements presented here show that 
the drag reduction phenomenon by certain high mol ecu 
lar weight additives is primarily a wall effect which 
suggests that free turbulent flows of polymer solution 
should exhibit negligible differences from comparable 
water flows. A recent study (21) of an axisymmetric 
jet of polymer into polymer and water into water, us­
ing a laser Doppler velocimeter, showed no measurable 
difference in turbulence intensities or spreading rate 
between the two flows. This important result is in 
accord with the present findings, and further estab­
lishes the importance of the wall in the phenomenon 
of drag reduction by high molecular weight additives.
From the present pipe flow measurements of mean 
velocity profile, axial and transverse fluctuations, 
and Reynolds stress it is evident that the proper 
velocity scale in the core region (0.25 < r/R <_ 1.0) 
is ut> This indicates that the core flow is largely 
controlled by the boundary condition t,, and that poly- 
mer additives have little (if any) effect on turbulent 
structure far from the wall. However, dramatic ef­
fects in turbulent structure (axial and transverse 
fluctuations and Reynolds stress) do occur in the wall 
region (r/R < 0.25) and polymer additives play a sig­
nificant role in determining the boundary condition 
xw , which is reduced under drag reducing conditions. 
Previous Speculation on Drag Reduction Mechanism
There have been various speculations put forward 
attempting to explain the mechanism of high molecular 
weight polymer drag reduction, although the question 
still remains unanswered. Several of these specula­
tions will be briefly mentioned although it must be 
emphasized that further extensive investigations are 
needed in order to establish if any of these proposals 
have factual basis.
The most well-known proposals seem to be those by 
Pfenninger (14), Gadd (15,16) and Tulin (17) all qual­
itatively suggesting how polymer additives primarily 
affect the wall region, thickening the viscous sub­
layer and reducing turbulent skin friction. Pfenning­
er 's hypothesis is based on observations and specula­
tion by Kline (18, 19) and others that longitudinal 
eddies formed near the wall are involved in the gen­
eration of turbulence as they are stretched and con­
verted away from the wall, "bursting" at some critical 
Reynolds number.
Kline et al. (19) have suggested (from water ob­
servations) that this bursting process contributes to 
instantaneously large values of -u'v' and hence streak 
breakup makes a substantial contribution to the turbu­
lence energy production per unit volume in the wall 
region. If polymer additives somehow inhibit this 
bursting (as speculated by Pfenninger and Gadd (16)) 
then locally reduced values of u'v' should result 
near the wall for drag reducing polymer solution.
This is a possible explanation for the observed re­
duction in u'v' near the wall for polymer solution, 
although extensive further investigations are required 
to establish the real mechanism of drag reduction.
Gadd's speculation (15, 16) further suggests that 
longitudinal polymer molecular alignment and viscoe­
lastic effects should suppress turbulent motions
transverse to this alignment. The observed suppres- 
2sion of v' near the wall by polymer additives is in 
accord with this speculation, but in itself is not 
sufficient to test Gadd's hypothesis.
Suggestions for Further Work
Extension of the present investigation to a flow 
situation such as a round pipe which would not exhibit 
secondary flow would be desirable. Although the 
square pipe is very advantageous optically, the in­
evitable secondary flows cause undesirable effects 
such as wall shear stress variations and possibly 
increased turbulence levels.
Detailed spectral analysis of u' and v' should 
be made in the wall region to determine which scales 
of turbulence are most affected by polymer additives. 
This, as well as detailed visual observations on poly­
mer wall flows analogous to those of Kline (19) would 
give a firmer basis on which to establish a theory 
for drag reduction by high molecular weight polymer 
additives.
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SYMBOLS
bQ minimum transverse focal volume dimension
C constant in universal "law of the wall",
= 5.1





pressure gradient along the duct, x-direc- 
tion
slope of the u velocity profile
4.
§ ,g x y
unit vectors in the x-and y-directions
f friction factor 5.
k Karman's constant (0.4) in law of the wall
1 duct length 6.
]o
longitudinal dimension of the focal 
volume
7
r transverse position in duct (r = 0 at 
wall, r = R in center)
R d/2 8.
Re pUQd/y, Reynolds number
u ,v velocity components in x-and y-directions 9.
uT
friction velocity = /x/p w
u*
— 2 1/2 
(u'2) ,1
p 1/2 f 
( v 2) J
u/uT
rms of x- and y-direction velocity fluctu­





centerline axial (x) velocity 12.
V mean speed computed from volume flow and 
duct cross sectional area 13.
x,y,z orthogonal space coordinates, x = axial, 
y = normal to wall 14.
<l> angle between plane of intersecting laser 
beams and xz-plane (Figure 5)
e angle between intersecting laser beams 15.
VD Doppler frequency
T shear stress 16.
p fluid viscosity
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